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ABSTRACT 


The relationships between winds and tempera- 
tures at the surface, and at upper-levels, and the 
probability of hailfall have been investigated by a 
number of workers in the field of severe weather fore- 
easting. Using hailfall data from the Alberta Hail 
Studies project and upper-air data from the Calgary 
and Edmonton radiosondes, this thesis attempts to 
confirm the validity for use in Alberta, of a number 
of previously developed hail-forecasting techniques 
and to suggest a number of new techniques that may 
merit operational testing. A hail index that takes 
into account the size distribution of hail on a par- 


Ricular day 1s also ‘suggested, 


sity bos ,#lovel-saqgqy de baw 
5 yd botppitaovns ‘need! Susi Saas 
6403 ~Sehteaow 6 mere to ties 2. aly nis 
Cede euaa ken oritt meres saab on 


yisplsd ss moult sos anaes 


oF a2tqmatt 6. afaond abt, sohapeni | 


\ i 
‘i ms ' , iy Ab ~ i ' . ay 
soypinijed, pitdasneto2 TRS to 


Yen a toupinioe) wes to sod 6, oe 
‘gap jadd xebeti Lieel venkreay tect 


-t6q s to Ifarl Yo pea ary este os 


= Wi 


ACKNOWLEDGEMENTS 

The upper-air data used in this thesis were ob- 
tained from the Climatology Division of the Meteorolog- 
ical Branch of the Department of Transport, and the 
hailfall data, from the Alberta Hail Studies Project of 
the Research Council of Alberta. This thesis was pre- 
pared while I was employed by the Meteorological Branch. 

During the summer of 1967, I worked with the 
Alberta Hail Studies group at Penhold. I obtained a 
great deal of ~help from members of the hail: studies staff, 
and became familiar with the problems of hail forecasting. 
In particular I would like to thank Dr. Peter Summers, 
the head of the Alberta Hail Studies field program, and 
Mr. James Renick, his assistant, for their valuable 
advice and assistance. 

I am grateful to the Computer Science Department 
at the University of Alberta for the use of their facil- 
ities to perform the analyses that form the basis of this 
thesis. 

Professor R. W. Longley, my thesis supervisor at 
the University of Alberta, was always willing to provide 
help and useful suggestions, and his patience throughout 
the preparation of this thesis is greatly appreciated. I 
would also like to thank Dr. E. R. Reinelt for his help, 
particularly with respect to computer problems, and Dr. 
K. Hage for his suggestions regarding the performance of 


the statistical analyses. 


teats aceibude [isd etd Io avedset mo ae -qlod 20 Beeb 5 


7 
- 


aTws aphasia walk ns 


-poforopseaM oft to tioketvid sean wie 
oft Bas \treqanexzT 20 JnemITEqed ott ai"h 
to jJ0sford wetbut¢ LisH avzscdlA js <i t yep 


« ir 


-s1iq asw eizety eldt .stisdiA sol f.koadyeo iigaieat 


eto orld yd segue nS BBW t wr 


of) ddiw bakuow I ,Vael to save eA: ae 


> 
va 
o 
a 
4 
‘. 
tue, 
>a) 
— 
* 
fu! 
it 
a) 
i 
a 
- 
» 
c 


Ps banrsido I , bLortnss 36 qos Pp sthuse iventas es) 


ae. fe 


ae 


‘ 


} * | a , 7 | 
.pnitesos 105 C isd to. ene icoxg ods Aas tw xs jtims ornced.t - 


,atommy8 sete 61d Ansrid Of SALI Bs vow D cntuatsaeg 


—— 


r i> mers 
bas .mexporq bleit esibhys2® [ish sited LA ort to baort et 
"UY ie 7 
eidsulsy tied? 161 .tmstelees * eit * Abas eomst” 53 on 

r : a 
pre | bas soivi FBI 


; ate 
Insmiisyed soneio8 yeIEgMe? ond oF Lutesnip a t 7 ; 
-Li=st sists %o ov sry. 102 pi xoctA to Wiexovid « : 35° 
etida Jo. .eieed ant mo Saris ‘eoaylons eri arco %19q me " age 
J a ; eee ile 
t 4 in : 


‘ 


ts n1oetviaaque aden s ym se Senet w 8: soessoat 


‘a m 
abivoig of pri Et tiw, ‘eB yewLs: eow veanediA Yo yt 


Seoupwords: sonedJng eta — seen sa 7 
I .bésntos 1qqh, vEseore ab seen te. 


daa ala 


ated ein tot drenket A oa 


4a Bah: anofdexg vs i « 


to- sorpmctieg Lat Df rf * 
hae e “ 

a ia . : 

- 


ABSTRAC 


ACKNOWL 


Chapter 
i 


a 


Fil, 


aie. 


Nokes 


BIBLIOG 


TABLE OF CONTENTS 


fh e e e e a e e e 


LOGEMENT TS eet ees ke 


LORD UL LONMEE Mes? ss iedhe keaes 


Hehe Teli Gag Mato larvae) .. 1... ca su ta ca te 
Hav lerorecastingeMecnOUs mee. se. en ec 


THEORY OF THE CONNECTION BETWEEN WIND SHEAR 
AND HAILSTORMS e e s e e e e e e e e . e e 


THE DATA USED AND METHODS OF ANALYSIS .. 
ies ebdD\ (DG Gots fbe tel Pee whi ROAM ale beaeletee on BAS (he eo 
Upper-air Data e e e e e ry e e e ry e e r 


Methoticg ota Analiysiise CAlGAGY and... °.°. 


RELATIONSHIPS BETWEEN CALGARY AND EDMONTON 
RADIOSONDE DATA AND THE OCCURRENCE OF HAIL 


RELATIONSHIPS BETWEEN CALGARY RADIOSONDE 
DATA AND HAIL PROBABILITY IN THE ALBERTA 


HAgImMoTUDLES: (PROJECT AREAY .t he Probabibity - 
Winds e e e e e ° e e e e e e e e e -e e 
fenperaturesi p .batwedn .%e .859 .ta SOGemb. 


Combinations of Upper-air Parameters .. 
BURT ees oe en ae” 


RAPHY e e e e e e e e e e e e e e e e es 


he iv 


a) 7 ‘ 
‘ 
SYNET NOD IO BWeaAT 
« t t . . - * . * ¢ . . .* . 7 . ’ * . . ° 
y ss 
Vv i . ° . . > ° ’ - ’ . . *. >. * . ¢ . . 


ee Miteon one” 4 ae Cay ee eee vortougeait 
[ et Le ae yeebeeeinas t rape nn 3 
7 7 sl haat porsee onkoaes330 iu 

. : . | os 


— 


ALAS GUL WEXWE4es NOLTORWneD ane 46, 3 ; te a 
Ly Site te) *e 


4 
. 
. 
+. 
i) 
- 
. 
. 
* 


bS | SISVIAWMA FO 2UGHRAM CA Gee on AAO: aut 


. * ’ wi a at 
BS tw. v w~ oa a) 6S808bRT  Breh BaS ated Shalt: 7 : ‘ 
8S Se dD af oe ee eee le ey ce eae: 4 
Le ee ee err abotaeM 


WOTHOMIS GUA YHADIAD MEQ Tsg Soa 
EE . JAR FAO SORSEARUISO AAT eae 
| ecole ee ie 


4Qv080IGAA YAADIAD Weiiw | 2c te MORmANa 
ATREGIA GANT WI YRS for ITAN Av 
a £ . . - . “ss * . ” . t Ax mA ly JaG A as | ‘ealg et: 


. . - ® + * . - * * * ‘ . * . agtuse4 
| ‘—teqqU' to anoider 


LIST.OF FIGURES 


Figure After Page 
1. Principal Components of a Large 
SP oebet Liane hs COC as Mat ieee is cel et soe leone 22 
2. pune Alberta Hail Studies Project Area . ..-. 24 


PE EL RE UAL Wi LTLCL 1c) gq ty wae ne ea ee oe SP ey 29 
4a. The Effect of D at 850 mb. at. Edmonton 
Cie Giese nO aO LL Lig aitewiak | <5 5. 5 6 sts a5 


gDn pune et Lect or Dat 250 mbwat Galagany 
2 VIM LSD ge LOY SF WOW by Kr ht aot OWN 3 fh Sed NR Sioa ie Aiea rina - ye onli cfs! 


5a. The Relationship between the Direction 
of the Thermal Wind at Edmonton and 
Hadron A OL . ecy Soe ety ee eR Day at ee 34 


5b. The Relationship between the Direction 
of the Thermal Wind at Calgary and 


Hail. Probability Pare tra Geary ee ey eer 34 
6. The Relationship between the Calgary 850-mb 
Wind Direction and Hail-day Probability ve 36 
7a. The Relationship between the 850 to 300-mb 
Thermal Wind Direction and the Probability 
ere Ae Ee RN ee PR ee Pay oe ee 36 
7b. The Relationship between the 850 to 300-mb 
Thermal Wind Speed and the Probability 
ac age fe is kg § cee aeees St Oe eye eer a rye ye tA ee 38 
8. The Relationship between the Magnitude A of 
the Cold Air Advection at Calgary and Py 
and P oO Re Ce icp oe A er ehh eee Grae Oe eat pL Pit ae 
Z 
9. The Effect of the Magnitude A of the Warm 
Air Advection at Calgary on the Probability 
Coie gly aed We aes Mr cin WO LG Sares 6 pon, ts ala= too oe feo Mire: 8 a9 
10. The Effect of the Maximum Surface Tempera- 
PMaosOmetioyrrOopabi ti to oR Gat. 26.) ieee ss 41 


Vie 


_ 
vy; 


ot 


Tt rf) coe ya Spt 4 car) 3 . Sawencd halt enonsahen a * 


a * je - . Py . 5 ° oi « , Pt oe Sy. = is 


" : 
: ZN , al hi 
a +. 
i . 
¢ “4 , : 7 
5 
—. ; 
: eee oa a L ~ iy. 
Oartl oly 1 RELI 
if 
al 1 g 


. pad -S. DoOowiine “ean 
> . . rt 4‘ fe * . . * on mos “o& sate 


: ; 


abun: ; res 


28 de 4.30 J0eT38 eit 7 6 Ma 


L6H TO {i Lidadon® pan, we 

vynpleD> ta dm Ocs Fs a to. soa eet iat 
ar 
! | 7 


notjtsexntid ard masieaiel ~e yinanotaeten =) 


be 


‘Ene sotnonba 35 ba bit Larragdkt ens - 
4, pole Ree hoe ora yi Lhdndort ish 


& p ey. iM Ad ¥ 
no toavtrd efi Qo awa ci pt e010 Liptost ont oa 

bap viswisS o8- Garw De mein edd. onl Lg : 
i yeh lay isdost ii 


iEitdacdord ybb-Lise be 6 “aol seni br 


ay 


dime Gt es Ors arts nonwg Joe “6 qiitenot+eloe + 
va titdedor? s8nA3 bers’ wate os tLe —T Tao 5 eo 7 
« * . * * ‘ | * ’ ° . 7 . - e * * —— 4 (J / di 
dm-O0€ of 028: off. poswied. ghtatotye ten 
viilidsdox? odd bas : er aaa ive 
. ° * * ° : . . . . * « ” : ‘ hi ae { 
t¢ A 235 po crt DBM ; a1 neowsod, | ae 5 ihe : Ts wl 
q- Bhs YIBREED IS ss] olds UDA LA: bio mat 


mie W ‘ots to, A art tags aby ‘odd tea i‘ 
yitizdsdexd sli no, yreRiaD ts iO. jae 
che as: i ee :; ceo, ) ® ae he ot : om ; 

i ee ee 
~sirsqnibT 656 291 te Fe . a its 


ee ero ee ae awe 


b% 


ae ‘ak 7 &é4 .- 
ar ‘ ‘ 
oa ' Tv. 
4 > z 
- ot : 
ae " wer * i . 
= a 7 | 
. iv 
4, 


P ab oe 


14. 


Ss 


Gs 


Angie 


Lor. 


ine 


The 


After Page 


Relationship between the 850-mb 


Temperature and the Probability of 


Hail 


The 


Relationship between the 700-mb 


Temperature and the Probability of 


Hail 


The 


Relationship between the 500-mb 


Temperature at Calgary and the Probability 


Oca ei hse a AG em i. 5 ws 


The 


Relationship between the 300-mb 


Temperature at Calgary and the Probability 
of Hail e e e e es e e e e e e e e e e e e e 


The 


the Probability .f Hail 


The 
the 


The 
the 


The 
and 


The 


Relationship between Vertical Totals and 


e e e e e e e e e e 


Relationship between Showalter Index and 
Probab la-ty1o0t Hadilicienghing patween - 
Relationship between Surface Moisture 
iSvalolayclepiinG elie nach wal GP en ihe Seo 
Relationship between 850-mb Moisture 


Lhe PreO babii ty. Of Slade... Betree: ees) tes 


Relationship between the Thermal Wind 


Promess0 to. 300° mb, the Vertical Totals; 


and 


Pies Prove oii tyrOrwriad is Vras. ce enero. 


at as 


42 


43 


44 


44 


45 


45 


46 


46 


47 


ee ue 


2ST ITA 4) 
dm-0@8 af nocntiie qisetots 
lo ysitidsdort eng bas = 
« 7 ‘ . o-8 ‘ . . . - * ‘ a - * ee 


din~QOT eit rms awisd gidtenntsetes 
to ¥J ir ret fecord eah'y ie istiree 


* 
. - s . . . . * « . * . . J ° *° * = 


im-O008@ sit coandtead tira sobsetan 
vat Pidedoawd add Baa vispiescrs. a 


sis 


54 doct qitanotsaten ® on" 


(stot. Ishsivtey weepied :Acattatiin | ear 
| -  * Pan F6 oe Minato 9 _ 
{9ysLawons cesyaod ge rnamnataiae ae 
: ete iledost ort atg- 
si ss a | 
sue 3 wind (J iteeoktndeR at 
wwe es ew > w e)©6B 2O Yae eee po ie 
rd 77 028, ofaweed @dee rite [sa ae at 


5 yt Shteteoee mee: bis 


ECW Cems if + nee ier 4itenolieion sit 
sfetol : “<— 4 aca am Ate pg beg nox 
“os gl 1 Fe qtit idedosd ott bas 
ae; 


LIST OF TABLES 


Table Page 
re Critical Values of a Number of Convective 

[ae h esters toh muh ala eda le MMos 3< iy Eomee Lake eat tty ket Pane Ui hrs) ys) Be 7 

Le Hail Size Code e e e e ° es e e e e e e e e ° 20 

ieee ee Hail-Day Indices ; ° © . e r e e r e ry e ° ° e 27 


IV. Trend Lines for the Relationships between 
Winds Aloft and the Probability Py of Any 
Hail-day and P, hima Mal Gest ay ae eens Syl 


V. Trend Lines for the Relationships between 
Upper-air Temperatures and the Probabilities 


Py of Any Hail-day and P, of a Major Hail-day 42 


viil 


Qe TEA z I in "e 


4 


-ovisoovnod to ted sb 30 etd 
y aw” OS eee ee ad eo eee soot iat perdid 


es eT ee ae ae Pw ea abdo ‘wake tie 
vs Bere et eos ee ee dent bal wine ee? 


naowst od eqiniendies! 551 ve xo?" eatha baaet 0, - 
YHA Yo ;4 ytilidsdor? st Bas S200 aboiW — =. cs 
ve oe be VR fe q 1OfeM 6 FO ¢@ hrs Ab-~LisH. ay 
cs - 


SiipLed sie!) 203 sents adele 


soswiacl) acpinsed id 
gittitidsdot sft bas Pease seqmeT 1fp~to ae! es 7 Ee 
veb<«Lish 16fsM 6 20 bre yebr Lia yok +o: or 
7 : : S ; ars 


: r. _s 
a ] sd 
aN ; = os a 


> 


CHAPTER 
INTRODUCTION 
Hailfall Climatology 


The distribution of hailfall has been under 
detailed observation for only about twenty years, and, 
for the most part, only in areas of severe hailstorm 
acitivity. There are, however, reports of eee hail 
activity dating back to Biblical times (The Book of 
Joshua). With the advent of a surface weather reporting 
network in the United States in about 1860, it became 
possible to obtain some idea of the distribution of 
hailstorms on a regional basis. 

In the tropics, hail is a relatively infrequent 
phenomenon. This is the result, for the most part, of 
the higher altitude of the freezing level in lower 
latitudes than in mid-latitude regions. As a result of 
these higher eee a ere convectional processes must 
be present which are intense enough to produce clouds 
with tops extending to these greater heights so that the 
freezing processes required for hail formation can take 
place (Frisby and Sansom, 1966; Flora, 1956). When these 
convectional processes are present, it is probable that 
a hailstone formed in the cloud will melt before reaching 


the ground. The hailstone melts because of the great 
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depth of above-freezing air through which it must fall. 
The point frequency of hail in the tropics is generally 
found to be less than two days per annum, except in moun- 
tainous regions such as the highlands of Kenya where 
frequencies of from» five .to ten.are snot uncommon. ,.This 
increased hail frequency in mountainous areas is the result 
of the effect of orographic lift in promoting convection 
to sufficient heights for hail production, and to the 
shallower depth of above-freezing air at higher altitudes 
than at lower ones. This is not to say that such phenomena 
as the inter-tropical convergence zone are not responsible 
for many of the severe hailstorms in the tropics. Hurri- 
canes, especially, are frequently accompanied by severe 
Local hailstorms. 

In mid-latitudes, hail occurs more frequently 
than in the tropics. Because of this, mid-latitude hail 
has been under closer observation for a longer period of 
time than in other parts of the world. In North 
America, the Great Plains of the United States and the 
southern sections of the Prairie Provinces of Canada 
have point hail frequencies considerably greater than 
those which are representative of other mid-latitude 
regions. Many North American hailstorms develop in the 
lee of the Rocky Mountains, and as a result many 
hail research projects have been located in this area. 
This phenomenon of hailstorm breeding zones being on the 


lee side of extensive mountain ranges is found in many 
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other parts of the world, such as New Zealand, the Caucu- 
Sue egtonvofrtheUMNG.S.R. and Italy (Powell, 1961). The 
ratio of days with hail to days with thunderstorms is an 
interesting: quantity.« The: ratio-waries from «0)..02s ine:the 
Gutheetates;riton 0.10 thn cche: Great Plains , (cho) 1Ja200mont the 
Pacific) Coast (Flora, 1956) .19The high»vailue: om the! Pati- 
fic Coast is caused by the prevalence in this region of 
soft hail, which sometimes falls in non-thunderstorm 
Situations. The ratio has been found to be 0.20 in south- 
ern Alberta and 0.11 in north-central Alberta (Powell, 
5.6715) ee 

Although the development of a synoptic reporting 
network provides a good picture of hail distribution on 
a scale of the order of hundreds of miles, it is neces- 
sary, in order to study hailfall in detail, to have a 
reporting network with a density of at least one observer 
per twenty-five square miles. This is necessary because 
of the limited extent, both in width and length, of the 
swath of a hailstorm. In North America, there have been 
a number of projects set up to observe hailfall on this 
scale, 

(i) The Denver Network 

This was set up in 1949 to investigate hailstorms 
in the Denver area, as a result of concern by United Air- 
lines for the safety of their aircraft which had many 
times sustained damage from hailstones in this region 


(Beckwith, 1960). Since 1951, they have had a reporting 
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network of fifty stations in an area of about one hundred 
and fifty square miles. 
(11) The Colorado State University Network 
This project's area covers approximately siiéty—Five 
hundred square miles in eastern Colorado (Schleusener and 
Grant, 29601) ~~ Beginning “in £9604" intormation on hati= days, 
storm track directions (augmented with weather radar data), 
and other hailfall parameters has been available. 
(iii) The New England Network 
This was an investigation of New England hail- 
Storms Ccongucted “Un “1956-71195 7""and 1950) "during which 
time 317 hail reports were received (Donaldson, Chmela, 
ana oiackrord, ~1960)'*A “radar, ‘located “at* Blue“H1llss 
Massachusetts, was used by the project. 
(iv) -* Alberta Hail Studies 
A description of this project and data obtained 
by it are contained in Chapter III of this thesis. 
(v) The Illinois State Water Survey 
Using data from United States Weather Bureau 
stations and sub-stations, and from the Crop Hail Insurance 
Actuarial Association of Chicago, research has been done 
on Illinois hail-day statistics (Stout, Blackmer, and 
Wilk, 1960). A network of approximately one thousand vol- 
unteer observers was set up in central Illinois in 1958 
covering an area of about thirty thousand square miles, 
(vi) The South Dakota Networks 


Using a network based on hail insurance claims in 
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South Dakota supplemented by data from the adjoining states 
of Minnesota, Iowa and Nebraska, Frisby (1962) investigated 
the relationship between hail damage and surface synoptic 
features. From the ten-year period of data from 1951 to 
1960, Frisby was able to determine a number of the char- 
acteristicsiofcohailfabl distraibutionge*the major™partiof 
'this study was performed on data from the eastern half of 
South Dakota where observer-density was the highest, be- 
ing in the order of one observer per square mile. 

A more recent study of hailstorms in western South 
Dakota was made by Dennis, Schock and Koscielski (1970). 
In the summer of 1968, hailfall data were collected using 
approximately one hundred passive hail indicators. A 
number of radar sets.and aircraft were also used by the 


project. 
Hail Forecasting Methods 


As was previously mentioned, there are definite 
geographical and topographical regions in which hail is 
more likely to occur than in-others, In Some areas cun- 
ulonimbus clouds and thunderstorms occur quite frequently, 
but are seldom accompanied by hail, while in others hail 
is frequently present. Thus, through a study of clima- 
tological data, it is possible to eliminate certain re- 
gions from consideration in the forecasting of possibly 
damaging hail, and to concentrate attention on the most 


affected areas. Also, from climatological data, the 
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seasonal distribution and the most likely time of day of 
hailfall can be obtained as an aid to forecasting (Paul, 
TAI PA 
With the development in the late 1930's of an 

extenSive upper-air observational network in North Amer- 
ica, an additional tool in the forecasting of convective 
activity in general, and hail activity! ineparticular, be- 
came available. A number of workers in the field of 
severe weather forecasting have developed techniques to 
provide indications of atmospheric instability, based on 
measurements of various upper-air parameters. 

(1) The Showalter Index 

This index, developed by Showalter (1953) is 

determined as follows: 

"The 850-mb parcel (mountain areas use a higher 

level) is lifted dry adiabatically to saturation and 

then pseudo-adiabatically to 500 mb. The lifted 

500-mb temperature is then subtracted algebraically 

from the observed 500-mb temperatures. A negative 

number indicates instability (rising air warmer than 

its surroundings) and a positive number indicates 

Stab Lity. 
Critical values of the index for showers, thunderstorms, 
and severe thunderstorms are listed in Table I. In order 
to use this index to make a forecast of convective ac- 
tivity, 2c 1S necessary to first make. a, lorecasr or 
850-mb temperature and dew point and the 500-mb tempera- 
ture for the time and area under consideration. A value 


of the index applies to a limited area -because of the 


horizontal variability of the 850-mb parameters. 
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TABLE I 


CRITICAL VALUES OF A NUMBER OF 
CONVECTIVE FORECASTING INDICES 


—oo———X—«X[£!_££*===[[=[——=>$=V—__————_ 


Showalter index Gréatercthan 3°C — no convective 
activity 
1° to 3°C - showers probable, 
thunderstorms quite 


probable 
-3° to +1°C — thunderstorms 
probable 
-6° to -3°C - severe thunderstorms 
probable 
less than -6°C - tornadoes 
. possible 
areata oe ee ee ee ee eee eee 
George's K Factor Less than 20 - no convective 
activity 


20 to 25 - isolated thunderstorms 
25 to 30 - widely scattered 


thunderstorms 
30 to 35] scattered thunder- 
storms 
35 or more - numerous 
thunderstorms 


nr 


Totals index Vertical totals tess ‘than 26 = 
no convective activity 


Vertical totals greater than 26 
and cross totals: 


less than 18 - no thunderstorms 

18 to 19 - isolated thunderstorms 

20 to 23 - scattered thunderstorms, 
few severe thunder- 
storms 

24 to 29 - scattered to numerous 


severe thunderstorms 
30 or more - numerous severe 
thunderstorms, 
scattered tornadoes 


Pappas technique Graphical forecast of hail or 
no-hail 
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TABLE I continued: 


Slydex Non-frontal situations 

- oreater than 34.0, a minor 
hail-day 

-1~Greater Chan? 35.0 ama jor 
hail-day 

Frontal situations 

= oneater than 43.0 a.m ln. 
hail-day 

—- greater than 34.0,.a major 
hail-day 


(ii) George's K Factor 
This technique attempts to combine in an index 
"K" the thermodynamic features of the temperature lapse 
rate, the moisture at 850 mb, and the depth of the moist 
layer (George, 1960). K is defined by the following 
formula: | 


K=T - 7 + 


350 500 * tpgso ~ ‘fT - Tp?) 


D° 700 
where Tecg is the temperature at 850 mb, TE 00 is the 


500-mb temperature, T A850 is the dew point at 850 mb, and 


(T - TS) is the temperature-dew point spread at 700 mb. 


700 
Critical values of K for various types of convective ac- 
tivity are listed in Table I, Like the Showalter Index, 
George's K factor requires a forecast of the input par- 
ameters for each area for which a forecast of the convec- 
tive activity is to be made. A number of subjective 
modifications are applied to the forecast of convective 


activity produced by using kK. 


(a) Average confluence on the 850-mb and 700-mb 
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charts increases the degree of convective 
activaty. that as forecast, 
(b) Average diffluence on the same charts decreases 
the. degree.of convective.activity-that is»fore- 
Cast. 
(c) Anticyclonic shear greater than 20 knots in 
250 miles, measured towards low pressure from 
the station in question, prevents thunderstorm 
acClivity. 
(d) The severest storms occur within two degrees of 
latitude of the cold pool at 200 mb, the tempera- 
ture of the cold pool normally being less than 
or equal to minus 60 degrees Celsius, 
(iii) Totals Index 

The Totals Index recognizes the importance of the 
following three factors in making the atmosphere more 
unstable, (Miller, 1967) 

"a, Holding the top of the air column constant or 

warming it slightly, and adding heat and moisture 

to the bottom, 

b. Cooling the top of the column and holding 
the lower-level temperature and dew-point values 
nearly the same. 
c. The simultaneous occurrence of cooling at 
the top and heating at the bottom of the air column 
(which seldom happens)." 
The Totals Index is made up of two factors--the vertical 


totals and the cross totals given by the following form- 
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Vertical £ 
entacal: total Tes T E00 


Cross totals = T5850 - T0090 
Totals index = Vertical totals + Cross totals 
where the symbols are the same as for George's K Factor. 
The critical values of these parameters are listed in 
Table I. As with the two previous indices, a forecast 
must be made of the input parameters for the area for 
which the convection forecast is to be made. 
(iv) Pappas' Forecasting Technique 
Taking into account the cloud depth, the cloud 
depth below the freezing level, and the height of the 
freezing level, Pappas developed a "yes-no" hail- 
forecasting technique (Pappas, 1962). These factors 
that were considered were approximated as follows. 
(a) Cloud depth: convective condensation level 
minus equilibrium level 
(b) Cloud depth below the freezing level: convective 
condensation level minus the 
freezing level 
where the heights of the various levels are measured in 
millibars. The equilibrium level is defined to be the 
level at which a ets parcel, under adiabatic ascent, 
which has become warmer than the surrounding air and 
subject to buoyancy forces upwards, acquires a tempera- 
ture equal to that of the environment. It is, then, the 
level at which a surface parcel rising as the result of 


convection ceases to have an upward buoyancy force ex- 
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From an investigation of seventy severe convec- 
Eavesstorms, thirty-four with hail and thirty-six with- 
out, in the south-central United States in 1959 and 1960, 
Pappas Prepared a graph of -the ratio of (b) “to (a) 
versus the height of the freezing level and the occurrence 
Bre olsOCCuUrrence Of hatl. Tt is *airricuiet co, apply 
Pappas' technique operationally because it requires the 
preparation of a complete forecast upper-air sounding 
in order to determine the input parameters, It should 
also be noted that the technique applies only to sit- 
uations that are already convective, and indicates whether 
or not they will be hail-producing. The technique must 
also be modified for use in areas other than the one for 
which it was developed because of the different charac- 
teristics of hail-producing clouds from region to region. 
(v) The Slydex 

Tie Sivdex (Sly, 1965, 1966, 21967) “has: been sex-— 
tensively used in the forecasting of Alberta hail because 
it was developed using hail data obtained in central and 
southern Alberta by the Alberta Hail: Studies project. 

Sly recognized the eet out a atmospheric conditions as 
being conducive to hail occurrence, 
"(a) A steep lapse rate of the dry-bulb temperature 
to a considerable height. 
(5b) Moist. aix in the lower levels 
(c) Potential instability 
(ad) Vertical motions due to one or more of the 


following: 
i). dynamic forces 
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In an attempt to reflect these influences, Sly devised 
an index C. given by the following equation: 
Cy = 1,60. - TE 90 - 


where Se is the wet bulb potential temperature at station 


uel 


level in degrees Celsius, determined by using the 2100 GMT 
dew-point temperature and the maximum temperature of the 


day, is the 500-mb temperature (°C) at OOOOGMT the 


"500 
following day (1700 MST on the same day) and 1l isa 
number chosen originally by Rackliff (1963) in order to 
give to a similar index, which he derived, the same 
critical values as a previous index. Critical values 
of the Slydex for minor and major hail-days are given 
in Table I. Sly defined his hail-days as follows. 
no hail - fewer than ten reports of hail from the 
project. area 
minor hail day - ten to forty-nine reports, one of 
which was pea-size or larger 
major hail day - fifty or more reports, one of which 
waS pea-size or larger 
Sly also investigated the usefulness of drawing 
convective index charts, consisting of isopleths of 
Slydex values (Sly, 1967). It was found that there was 
a greater concentration of hail near relative maxima 
of the index. Nearly all cumulonimbus activity in 


western Canada during the afternoon and evening was with- 
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in the boundaries of the 31.0 isoline. Widespread hail 
was generally associated with a Slydex value of 34.0 or 
greater, There is considerable difficulty in preparing 
forecast charts because all the input parameters must be 
forecast for a large number of stations, many of which 
do not have radiosonde ascents to give the 500-mb temper- 
ature, There is also the problem of forecasting the 
2100 GMT dew-point, a very variable quantity in western 
Canada. 

A number of attempts have been made to associate 
high wind speeds aloft and strong vertical and shear 
Webmin wOCCUDrLence or hail and) convective activi cy. 

(1) Dessens 

After analysing thunderstorms in southwest 
France, Dessens (1960) concluded that strong upper-level 
winds were a determining factor in whether or nota 
thunderstorm produced hail. He examined thirty-eight 
days on which there was damaging hail, and thirty-eight 
days with thunderstorms but no significant damage. On 
only one day did the maximum wind velocity exceed twenty- 
five meters per second without the occurrence of damag- 
ing hail. A relationship was also suggested between the 
Maximum horizontal wind and hail size. 

(ii) Ratner 

Shortly after the publication of Dessens' article 

Messens, 1960) Ratner .(1961). wrote 4 Criticism entitled 


"Do High-Speed Winds Aloft Influence the Occurrence of 
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Hail." Using rawindsonde data for the United States, 
Ratner examined 103 days in 1958 on which hail occurred, 
103 days with thunderstorms and no hail, and 103 on which 
neither thunderstorms nor hail were reported. He con- 
cluded that neither the speed of winds aloft nor the 
wind shear between 500 and 250 mb were determining fac- 
Bobs in. the occurrence/of hail, “in a defence: of his 
position, Dessens (1961) pointed out the differences be- 
tween his hail categories and those of Ratner. Dessens 
considered only two categories: days without, hail or 
with hail producing light or moderate damage, and days 
with heavy, widely destructive hailstorms. It would also 
seem that Ratner used very sparse hail data. The source 
of his data is not mentioned, but it seems likely that 
he used only U. S. Weather Bureau stations, or perhaps 
Only the rawindsonde stations from which he obtained his 
wind data. Another apparent objection to Ratner's arti- 
cle is the manner in which he considered the values of 
wind shear and maximum wind speed. These were Spaces. 
over very large geographic areas, a technique which might 
tend to smooth out the important effects of a jet maximum 
on the maximum wind, 
(723) Schleusener 

Using the 500-mb wind component, calculated every 
five degrees latitude along 110 degrees west longitude, 
Schleusener (1962) sought a correlation between the depar- 


ture of this wind from the norm, and the occurrence of 


Ve tse © SE ee 
m a rv es 9 r 7 aa 
ma ee 2 —s | 
aX T ; *\ . . 
& i. ao ; 
) ; a ° swat m 4 
ebieds2 bSsind of? 13 BFAD, B abaobinlin 
a i oJ ¢ 
: aot zi) sin C0t 8 
. tr a F [ [ pho mI y si o i | Rs 3 Bye a 
: :% yt 


{on bie Binidte se Baie ya: 


“5trw no £0L ba fed" on 


pssiogsx otsw Lied kon emitors 


7 fe Po 


sis. abt tw to haaqe ods xatibon jer 14 


! 
2] 
- 
£.. 
P 


bh 6 nl .ff6n to sbiiesitnso ond 2 bie 


Fyibsh ces Log (tae) ehpaeed | ‘ns Shade 


-4q 2eDmTotS 43.0b srid sO. bern 
mt (i i a 
snoesod. ,isntsah to seodlt Pas izopsiso Lied: ek sg 


VBS :ASLAOPSIS2 ov y ino parr 


b 4 


ae i ~ ee 
5h Bas .spaveh sdatohom to - pet pa iat cheat fian a4 
ezis binow Jl +. ewie fpilted sv jouspeab | yiebiw s" 


om rh fret ome tar hoe nonsed a — 


90 7Wee Di ,~ 563780 we “S 


aA 
4513 yieArl emese Ji sud \borosscem Jon at sieb ake 


ae 
‘ 


a 5 


iccts ea cil yearteasy a] U yw : 2 


- ; — Pe 
eqans 2g LO +* ALB wus i : 


* 


eid Senissdo sd Aoi sw mos snolis ‘S efurt ‘oebaivee e 
-I436 2'ton3sA OF notiasfpfdp JInstscaA 2efdOnA 
976 B25uUl6V eis boteblsaoo of doidw aL 19An8m & 
Hepbisvs siow saorrT baote baiw dike xem bas 
Jipim coidw ouptadses B iin XS oiign tee) eit 
munibixen tat s to soe tie ne910g es ould 208 doen fn 
et : a 

ynave basstwe Le $3 sngaogmos ‘Brit ih 


bb, 


~weqah ould Reguied beer ‘sate 


- 


A ale obs ipntol saow asekeeb Ost. 19 nO Lis 


a 


L5 
hail in the lee of the Rocky Mountains. His hail data 
were obtained from the Colorado State University network 
for 1959 and 1960, and from the Alberta Hail Studies 
network for 1960. He found the following two factors to 
be significantly correlated with heavy hail. 


"(a) Passage of a 'Relative velocity maximum! 
LUICOLOLaIO dia May =y 7a, 


(b) An increase in the positive anomaly south 
of ithe, latitudesofthaili occurrence day (for 
pOch Colorado and Aibertay eo) 

Schleusener's association of high hail probab- 
ility with the passage of a "relative velocity maximum" 
is similar to the results obtained by Dessens (1960). 
Dessens found that strong winds aloft were frequently 
associated with large hail. 

The positive anomaly to which Schleusener refers 
is an increase in the 500-mb geostrophic wind above the 
normal value. An increase in the positive anomaly south 
of the latitude of hail occurrence could be a reflection 
of the effect of cold lows moving into the hail activity 
area (Longley and Thompson, 1965). Cold lows frequently 
have jet streams associated with their southern edges and 
would thus result in the increase in the positive anomaly. 
(iv) Proppe 

Proppe (1965) considered the relationship between 
hail in the Alberta Hail Studies area and wind shear ob- 
tained from the radiosonde ascents at Edmonton and 
Calgary. This study was performed using 1964 data only. 


Wind shears using all possible combinations of the manda- 
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tory reporting levels (850, 700, 500, 400, 300, 250, 
ZOO. .indesl50 umb..) were considered, and were related to a 
hail severity index, The following are some of the 
meen lis, that. he.obtained, 
(a) , Shears increasing. with time, or at a local 
minimum, were associated with hail-free days. 
_(b) Shears decreasing with tamesn or ata docad 
maximum, were associated with hail days. 
(c) Smaller mean shears were associated with hail 
days. 
(dq). Strong advection of instability was associated 
with hail days. 
(e) No correlation was found between the maximum 
wind, strength and. hail. severity: i(e.f.eDessens).. 
Several attempts have been made to relate hail- 
storm activity to various combinations of atmospheric 
parameters,, 
(i) Longley and Thompson (1965) considered relationships 
between data obtained by the Alberta Hail Studies project 
from 1959 to 1963, and radiosonde data from stations in 
western Canada and the northwest United States. Correla- 
tions were found to exist between hail and the presence 
of unstable, warm, moist air, a cold vortex approaching 
from the west, and a fresh outbreak of cold air from the 
north. These phenomena were considered to be reflected 
by the heights of standard pressure levels and the upper 


air temperatures at Great Falls, Edmonton, Seattle, Prince 
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George, Fort Nelson, Annette Island, and Fort Smith. 
Some studies were also done using the 1961 and 1962 
Calgary radiosonde data (available for the summer months 
from July 1961 until August 1968)... These data from 
Calgary are particularly useful because they reflect the 
actual conditions in the Alberta hail belt better than 
the Edmonton or Great Falls radiosondes. One interest- 
ing result obtained from the Calgary data by the authors 
was that no hail fell when the 700-mb temperature was 
below -6°C, and that there were only four days with 
major hail when this temperature was below -2°C (for the 
Years, 1961 and 1962, consisting OL a total of rive montns 
Of data). 
(ii) Using hail claim data from the northern Plains 
States and southern sections of the Prairie Provinces, 
Frisby (1965) related hail activity to the surface wet- 
bulb potential temperature, the 300-mb wind strength, 
and the presence of orographic or frontal lift. A dia- 
gram of the relationship between wet-bulb potential 
temperature and the 300-mb wind strength, and the occur- 
rence of hail was presented. A method of preparing 
routine damaging hail forecasts was suggested. A num- 
ber of actual forecasts and very convincing verifications 
thereof provided. 
(iii) Thompson 

Thompson (1970) performed a study that related 


the occurrence and characteristics of hailswaths to a 
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18 
number of atmospheric parameters. A system of class- 
ifying hail activity was suggested as follows: 

Swath hail-day - one or more hailswaths with the 
number of hail reports in swaths 
more than two-thirds of the total 

Scattered swath hail-day - one or more hailswaths 
with less than two-thirds of the 
total number of reports in swaths 

Scattered pattern - no hailswaths 

Using data obtained by the Alberta Hail Studies project 
Thompson found that more directional wind shear for the 
700 to 200-mb layer was associated with scattered swath 
hail-days than with swath hail periods. Also, 700-mb 
mean wind speeds were found to be greater for swath 
hail-days than for others. One other result obtained 
by Thompson was that on 94 per cent of swath hail-days 
the 700-mb temperature was greater than or equal to 
fA A OR 

The two factors that are essential for a useful 
study of hail forecasting methods are a sufficiently dense 
hail reporting network, and the presence of a number of 
radiosonde stations in the study area. These factors 
are both present in the Alberta Hail Studies project 
area, described in Chapter III. 

Using the Alberta Hail Studies data, this thesis 
attempts to relate wind shear, along with some other 


upper-air parameters, to the occurrence of hail. Origin- 
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ally it was intended that this study would be limited 
to the consideration of wind shear alone, but, after 
reviewing the results of other investigators in this 
field, it was decided that other factors should be taken 
into consideration. The results of a number of studies 
relating vertical wind shear with the occurrence of hail 


are presented in the next chapter. 
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CHAPTER II 


THEORY OF THE CONNECTION BETWEEN 
WIND SHEAR AND HAILSTORMS 

The effect of vertical wind shear on convective 
activity has been under study for some time. Dessens 
(1960) drew the analogy between a convective cell and 
a chimney that draws well in a strong wind. Lacking 
shear, energy is fed in at the cell's base era wa is 
removed at the top, analogous to a chimney that fails 
to draw. When shear is present, however, the air column 
Poeetoclined Lo the wertical, pwpamt sof the mising 21k lin 
the cloud is mixed with environmental air, and there is 
a coupling between the updraft and the strong horizontal 
coymentsthat prolongs the life of the chimney. a Dessens 
also suggested that strong shear can break up weak cells 
byabrGviding,toe much mixing. .Insthis situation, parcels 
of rising air would be mixed so thoroughly with the en- 
vironment that there would not be a sufficient tempera- 
ture difference between the parcels and the environment 
for strong convection to. take place. 

Das (1962) developed a mathematical model of a 
cloud incorporating wind shear in which he simulated 
the growth of hailstones. He found that hailstone 


embryos of the same initial size grew to be forty per 
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7M 
cent larger in radius when they fell out in the no-shear 
case than in the shear case. However, the no-shear case 
required some means of preventing the hailstones from 
being lifted into a cloud area where all the products of 
condensation were frozen, This requires a deceleration 
of the updraft velocity. In the case of a cloud with 
shear, this deceleration is provided by the hailstone's 
being blown horizontally into a region of weaker up- 
draft. Das concluded that strong wind shear aloft favored 
the occurrence of hailstones ina thunderstorm, but 
suppressed the maximum size attainable for a given 
temperature-moisture regime. 

A model of a steady-state hail-generating cell 
without shear was developed by Hitschfeld and Douglas 
(1963). They found that by the time hailstones had 
fallen to near ground-level they were very slushy be- 
cause they had been in regions of the cloud with high 
moisture contents for a long period of time. They felt 
that if the hailstones had moved to regions of lower 
water content they would have remained drier. This move- 
ment could have been accomplished by the presence of 
strong vertical wind shear. Also, strong shear would 
have prevented many of the particles being lifted too 
high for substantial development. 

Newton (1960, 1967, 1968) discussed the influ- 
ence of vertical wind shear on convective activity and 


the occurrence of hail. The wind field around a convec- 
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tive cell was considered to be as shown in Figure 1, where 
Wy is the environmental wind, 3 is the mean in-cloud 
wind, and Ve is the relative wind, the difference between 
Vo at a given level in the storm column and V, at that 
level (Mi. =3V usoper)2 5] ditiers, from ie because of the 
vigorous updrafts in the column of convection which 
exchange momentum, The plus and minus signs in Figure l 
indicate the signs of the non-hydrodynamic pressures 
induced by Vy near the upwind and downwind sides (with 
respect to Vp of the column of active convection. 
This induced pressure P is given by the formula: 

P= pV 7/20 (Newton, 1967) 
where op is the density of air, and where the convective 
cell is considered to be a cylindrical obstacle. P is 
positive on oe upwind side and negative on the downwind 
side. This non-hydrostatic pressure term, which varies 
in magnitude and sign depending on the direction of vey 
acts to produce a vertical acceleration. It is a posi- 
tive term on the downshear side of the cloud, and thus 
tends to promote new convection in this area. Also, 
because new convective cells have the most vigorous 
updrafts, this area is a prime hail-producing part of 
the cloud. Newton concludes that strong vertical wind 
shear and pronounced veering of the wind direction with 
height (warm air advection) favours the growth of new 
convection on the right hand flank of a rainstorm (the 


downshear side), that the aforementioned induced pressure 
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23 
gradient force augments the upward accelerations provided 
by buoyancy, that the downshear flank is favorable for 
large-hail growth because it is an area where the up- 
drafts are shielded by the storm itself from entrainment 
of dry air at upper levels, and that all of these results 
apply, in general, only to vigorous rainstorms of large 
horizontal extent, 

The consensus of opinion on the theoretical effect 
of vertical wind shear on the occurrence of hail seems to 
be that the presence of strong shear, associated with 
strong convection, enhances the probability of hailfall. 
Vertical wind shear is not, however, a necessary condi- 
tion for hailfall, and does in fact suppress larger sized 
hail, and in the case of weak convective cells may even 


suppress development by shearing off the clouds' tops. 
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CHAP DISH Eat 
THE DATA USED AND METHODS OF ANALYSIS 


The hail data used in this study were obtained 
by ‘the Alberta Hail Studies project in central and 
southern Alberta during the months of June, July, and 
Pugust,, from 1956? to, 1967 ‘inclusive. The) project jhas 
a mean observer-density of one per square mile, although 
this value varies considerably over the project area 
because of variations in population density. The pro- 
ject area is shown in Figure 2. 

Initially, it was necessary to devise a method 
of classifying days as no-hail, minor hail, or major 
hail days. A number of classification systems have been 
used in Alberta. Quon ‘and Thompson (1963), for example, 
used the following classification: 

less that 10 reports - no-hail day 

10 tox49 reports - minor hail day 

50 or more reports - major hail day 
based on Longley and Thompson's (1961) original classif- 
ication for hail activity in Alberta. These Figures have 
been revised upwards in recent years (Lawford and Currie, 
1968), as a result of the ever-increasing number of ob- 


servers. This classification gives the same weight to 
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FIGURE 2 - THE ALBERTA HAIL STUD! 
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each report, whether the hail diameter be two millimeters 
OEe two Centimeters. Sly (1965) suggested that a hail 
day should have at least one report of pea-size hail or 
larger, in an attempt to eliminate very cool days on 
which soft hail fell causing little or no crop damage. 

It seemed that a useful index would be one which 
took into account both the number of hail reports and 
ine size Gistribution on a particular day. jBecause the 
Hail sizes in Alberta Hail Studies reports are coded 
numerically, as shown in Table II, a simple method of 


Classification was immediately obvious. 


TABS EDL 


HAIL SIZE.CODE 


Hail Size | Assumed diameter Size Code 
(mm ) 
No-hail - 0 
Shot Less than 3 iL 
Pea Se ele ee Be 2 
Grape ash awe 78 3 
Walnut ele GO oO 4 
Golfball Je COO 5 
Larger than, Golfball,, More. than ,50 6 


The size used in developing the index is that of 
the largest hailstones reported by each observer. The 


size codes of all reports for the day being considered 
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were summed, and the following classification used. 


less than 15..- ..no-hail day 
15-99 nosnaerehadalesdary: 
100 or more - major hail day 


The figure of-15.as-a-lower~-boundary~ for ‘a-minor~hail 
Gay was chosen “to allow for errors in the date of hail- 
fall reported by the observers. The value of 100 as a 
lower boundary for a major hail day was chosen on a 
subjective basis, as a value that would reflect wide- 
spread hail and/or fairly large sizes. It is interesting 
to note than an index value of 100 could be made up of 
100°'Shot size, 50 pea size, 25 walnut, or 20 golfball 
size reports, 

Other indices involving the sum of the squares 
of the size codes, and the sum of their cubes, were con- 
Sidered, because they wouid be proportional to the cross- 
sectional area and the volumes of the hailstones respec- 
tively. Both of these indices over-emphasized large- 
sized hail. An erroneous report of walnut-size ist 
(code 4) would give a cube index value of 64 and a square 
index value of 16, whereas a considerable number of 
smaller sized hail reports would be necessary to attain 
these index values. Therefore, these two indices were not 
used in the analysis, but are shown in the examples in 
Table III to illustrate their orders of magnitude and 
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TABLE III 


HAIL-DAY INDICES 


Number of Sum of Size Sum of Squares Sum of Cubes 
ae Codes ot Sawe wWodes of' Size Codes 
10 24 60 156 

196 694 2,664 VOR S78 

ue 4 16 64 
170 473 1,499 Gg oUe 
218 424 17010 2,104 
20 45 LOSe | 261 
16 46 138 430 


Table III illustrates how the indices involving 
hail sizes give a better measure of the severity of hail 
On a particular day. Comparing line two with line five, 
one can see that, while the number of hail reports was 
approximately the same, the sum of the size codes for 
the former is considerably larger than for the latter. 
The problem with the sum of cubes index can be seen by 
comparing lines one and three. While line one Pe ten 
times as many reports as line three, the cube index is 
only a factor of three larger. This illustrates how one 
erroneous report of large-size hail can result in a con- 
siderable error in the square and cube indices. It was 
decided to work with just the sum of size codes index, 


even though it is not a measure of the hailstone mass or 
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28 
energy, because it does take into account the distribu- 
tion of hail sizes and is not affected very much by 
erroneous reports? 

A number of restrictions were placed on the hail 
reports that were considered in this study. Only unsol- 
icited reports? for which the time of hailfall was between 
1200 and 2200 hours MST were considered. Unsolicited 
reports were used because they: are the most representa- 
tive reports for all varieties of hail days. There is 
a problem on days on which surveys are made because these 
tend to reduce the number of unsolicited hail reports 
received. However, because surveys were normally per- 
formed only on active hail days, the reduction in the 
number of unsolicited reports received was not considered 
to affect a avis classification significantly. - The 
restriction of the time of hail occurrence to between 
1200 and 2200 MST was thought necessary if a correlation 
with the 0000 GMT (1700 MST) radiosonde was to be ex- 
amined. 

Upper air data were obtained from the Edmonton 
and Calgary radiosonde ascents. Edmonton data were avail- 
able for the entire period of the hail data for both 0000 
and 1200 hours GMT, while Calgary data were available only 


after 1961. Some initial analysis was done using data 


Lan unsolicited report in the Alberta Hail Studies 
project area is defined to be one which was mailed or 
phoned in by an observer, rather than one which was ob- 
tained by a car or telephone survey. 
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29 
from both sites, the project area being divided by an 
east-west line halfway between Calgary and Edmonton, 
as shown in Figure 2. Smaller values of the hail-day 
criteria were used in considering these smaller areas. 

It was decided, however, to concentrate more on 
the Calgary ascent because it has been proven to be much 
more representative of the airmass over the project area 
tien EaGmonton's, which is normally in ‘a more stable air— 
mass (Longley and Thompson, 1965). Also, only the 0000 
GMT (1700 MST) ascent.was/considered, because this time 
is very close to the time of maximum convective activity 
in Alberta (Paul, 1967). 

Several upper air parameters were considered with 
pespect to their relationship to the occurrence, of ghail. 
ew) Vertical Wind Shear 

Vertical wind shear is defined to be the vector 
difference between the horizontal wind velocity at two 
levels (Figure 3). In this study the shear was calculated 
Loneene layer from 850 to’'300 mb; because the Panes is 
close to the base of convective clouds in Alberta, and the 
latter close to the average height of their tops, and 
to the average height of the level of maximum wind speed. 
In addition, these two levels are ones for which routine 
analyses are prepared by the Central Analysis Office of 
the Canadian Meteorological Service, This will facilitate 
shear calculations on an operational basis should any of 


the results of this study prove to be useful in practical 
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hail forecasting. 
(11) Upper Air Temperatures 
Temperatures were available for all the mandatory 
reporting levels, The surface, 850, 700, 500, and 300-mb 
level data were used in this study, for the following 
reasons: 
1. Surface - because it provides an indication of 
the degree of surface heating. 
2. 850 mb - because it is close to the base of 
convective clouds 
3. 700 mb - because it provides a means of estim- 
ating the freezing level 
4. 500 mb - because it is close to the mid-point 
with respect to height of the average convec- 
tive cloud 
5. 300 mb - because it is close to the level of the 
average top of a cumulonimbus cloud 
Also, analytic and prognostic charts are readily avail- 
able for most of these levels. 
(iii) Relative Humidity 
Because the presence of low-level moisture is an 
important factor in the development of convective clouds 
(Frisby, 1965), the relative humidities and the associated 
temperatures, at the surface and at the 850-mb level, 


were considered, 
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#1. 
Methods of Analysis of the Relationships between the 
Atmospheric Parameters and the Occurrence of Hail 

The first step in determining the relationship 
between some atmospheric parameter and the probability 
of hail was to determine subjectively a suitable class 
interval. The major criterion used in choosing the class 
interval was that it contained a sufficient number of 
days to permit some meaningful probability to be calcul- 
ated. Once the class interval had been decided upon, 
the probability of hail was determined for each interval 
by discovering the number of no~-hail, minor hail, major 
hail days that had values of the atmospheric parameter 
under consideration that fell within the particular class 
interval, 

Then, trend lines for the relationship Peeiecnt 
the atmospheric parameter and the probability of hail 
were determined using a least square regression technique. 
Each point that was fitted to a trend line was weighted 
by the number of days having parameter values within that 
particular class interval. The total number of days 
that were available to determine trend lines varied con- 
siderably, depending on the parameter being considered. 
More high-level data were missing than low-level data. 
The ey number of days being considered varied from 
about 550 when surface data were used to about 400 when 
300-mb data were used. For each trend line, a correla- 


tion coefficient r was calculated as a measure o£ the 
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association between the two variables under consideration. 

When wind directions were being cone aecedr the 
southerly component of the wind direction was the par- 
eaten considered. This was done because it has been 
recognized that the advection of warm air at some levels 
and the advection of cold air at others is an important 
factor in promoting convective activity. In Alberta, 
warm air is normally advected from a southerly direc- 
tion and cold air, from a northerly one. The parameter 
plotted on the graphs in these cases was the cosine of 
the angle between the wind direction and south. For 
example, for a south wind the parameter value is 1, for 
a west wind, 0, and for a north wind, -l. 

In all the graphs in this thesis, the following 
codes are used: 

Solid line - Probability of major or minor hail 

Dashed line - Probability of major hail 

Dot - Major or minor hail points 

Cross - Major hail points 

P. —- Probability of major or minor hail 


1 


P. - Probability of major hail 


r.- Correlation coefficient 
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CHAPTRER LV 


RELATIONSHIPS BETWEEN CALGARY AND EDMONTON 
RADIOSONDE DATA AND THE OCCURRENCE 
OF HAIL 


An initial analysis was performed on both 

Calgary and Edmonton data for the years mentioned in 
Chapter Ilil. The project area was Split into two 
parts by an east-west line half-way between Edmonton 
and Calgary, as shown in Figure 2. Relationships 
were sought between hailfall in the northern area and 
the Edmonton radiosonde, and hailfall in the southern 
area and the Calgary radiosonde. Reduced values of 
the hail-day criteria were used for these smaller 
areas, | 

Sum-of-size codes: 

less than 10 - no hail day 

LO SLOr Ay - minor hail day 

SUsOCenoLe - major hail day 

Figures 4a and 4b illustrate the relationships 

that were found between the 850-mb wind direction and 
the probability of a hail day. The quantity D referred 
to in the figures is the cosine of the: differences be- 
tween the 850-mb wind direction and south. For the 
southern region, Pi varied from 0.20 for a south wind 


at Calgary to 0.40 for a north one, while in the north- 
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ern region P, was about 0.20 regardless of Edmonton's 


ii 
wind direction. The maximum of hail probability for 
northerly 850-mb winds at Calgary is probably a re- 
flection of the effect of a cold front moving into the 
project area from the north. -A cold\front moving ifitto 
central Alberta is normally associated with northerly 
850-mb winds at Calgary and should increase convective 
activity by providingwirontald lift., A similar reswilt 

to this was obtained by Longley and Thompson (1965). The 
reasons for the absence of this effect in the northern 
region is not clear. 

The relationships found between the 850-mb to 
300-mb thermal wind direction and hail probability are 
shown in Figures 5a and 5b. Once again, the trend line 
for Calgary data had a steeper slope than for Edmonton. 
The quantity S used in the figures is the cosine of the 
difference between the thermal wind direction and south. 


For the northern region, P, varied from about 0.05 for 


uf 
northerly thermal winds to 0.30 for southerly ones, 
while in the southern region it varied from 0.08 for 
northerly ones to 0.42 for southerly ones. A number of 
other parameters were investigated for their relation- 
Sic couche wptObability of hails In general, it was 
found that for predicting hail in the southern area 
Calgary's radiosonde data were superior to Edmonton's in 


prediceing havlein, the’ northern area. This result was 


also mentioned by Longley and Thompson (1965) who pointed 
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out that the Calgary radiosonde is more representative of 
the airmass over the Alberta hail area than Edmonton's, 
which is frequently representative of a more stable air- 
mass. In fact; prior to the initiation of Calgary radio- 
sondes, the Great Falls ascent was considered superior 

to Edmonton's for the forecasting of Alberta hail. Be- 
cause of the superiority of Calgary radiosonde data in 
predicting hail in Alberta, the main analysis in the 
following chapter uses only Calgary data and attempts 

to relate this to hailfall in the entire Alberta Hail 


Studies project area. 
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CHAPTER V 


RELATIONSHIPS BETWEEN CALGARY UPPER-AIR PARAMETERS 
AND HAIL PROBABILITY IN THE ALBERTA 
HAIL STUDIES PROJECT AREA 
In this chapter the relationships between 
various upper-air parameters at Calgary and the prob- 
ability of hail in the entire project areas are consid- 
ered. This investigation can be divided into three 


classes on the basis of the type of upper-air data being 


considered. 
(i) Winds 
(ii) Temperatures 
(iii) Combinations of winds, temperatures 
and relative humidity 
(i) Winds 


The relationships between the probability of a 
hail day and several upper-level wind parameters were in- 
vestigated. The results of this investigation are shown 
as trend lines in Table IV,with correlation coefficients 
being given to provide a measure of the scatter of the 
data points about the lines. 

(a) The 850-mb Wind Direction 

The probability of any hail-day occurrence (major 

or minor) was graphed against D, the cosine of the depar- 


ture of the 850-mb wind direction from south (Figure 6). 
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TABLE IV 
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TREND LINES FOR THE RELATIONSHIPS BETWEEN 
WINDS ALOFT AND THE PROBABILITY 
P. OF ANY HAIL-DAY AND P 


ty 


OF A MAJOR HAIL-DAY 


Wind Parameter 


Cosine.,of.the 
departure from 
south of the 
850-mb wind 
narectioOnss D 


Cosine of the 
departure from 
south of the 
850 to 300-mb 
thermal wind 

= D 


Magnitude V 
in m/sec of 
eine o 50 CO 

300-mb thermal 
wind 


. 


Warm advection A 


(for definition 
see text) 


Cold advection A 
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Trend Line 


0.26 


0.083D 
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0.00095V, 


0.00035A 


0.00046A 
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0.000002A 


Correlation 
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38 
It was found that the probability of hail decreased with 
increasing p. A maximum hail probability of 0.40 was 
eo for north winds, and a minimum of 0.23 for south. 
ones. DWhisris> a reflection of the effect of cold ‘fronts 
moving into the project area from the north. These are 
accompanied by northerly 850-mb'’winds and tend to increase 
Remaective activity by providing frontal lift. This is 
similar to the result obtained by Longley and Thompson 
(1965). They, however, considered the northwesterly 
component of the 850-mb geostrophic wind determined by 
subtracting the 850-mb level heights at Edmonton and 
Great Falls from those at Spokane and Prince George. 
Their method of analysing the effect of the direction of 
the 850-mb flow on hail probability may have been better 
than that used i this study. However, the longer period 
Of xecord available for Calgary in this study than in 
theirs makes worthwhile a consideration of the relation- 
ship between the 850-mb wind direction at Calgary and the 
probability of a hail-day. 
(b) The 850 to 300-mb Thermal Wind 

Figure 7a illustrates the relationship found be- 
tween the probability of hail and the cosine of the 
departure of 850 to 300-mb thermal wind from south. The 
probability of hail was found to be 0.13 when the thermal 
wind was from the north and 0.43 when it was from the 
south. A southerly thermal wind direction is associated 


with a greater southerly component at the higher level 
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MAGNITUDE OF THE 850,10 300-mb THERMAL WIND (m/sec) 


FIGURE 7b —- THE RELATIONSHIP BETWEEN THs 850 TO 300-mb THERMAL 
WIND SPEED AND THE PROBABILITY OF HAIL 
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(2U0emp) whan at. tie lower level. (850 mb). ‘This is ajsitu- 
ation that normally accompanies the passage of a cold front 
through the project area. When a cold front moves through, 
the wind direction in the lower levels normally shifts 
towards the north while the wind at higher levels remains 
more southerly because it is still representative of the 
warmer air mass. 

The effect of the magnitude of the 850 to 300-mb 
thermal wind us On the probability of hail is illustrated 
in Figure 7b. The probability of hail was found: to be 
approximately 0.30, regardless of the magnitude of the 
thermal wind. However, an examination of the points in 
Figure 7b does reveal two interesting features. The prob- 
ability of a hail-day seems to increase significantly with 
increasing thermal wind speeds between 20 and 40 m/sec. 
Riso, there appears: to be a dropoff in haili probability 
for thermal wind speeds in excess of 40 m/sec. Both of 
these trends were suggested by Dessens (1960) as was out- 
lined in Chapter II of. this thesis, Proppe (1965) also 
found that strong thermal winds were associated with no- 
hail days. 

(c) Thermal Advection 

Figures 8 and 9 are graphs of the magnitude of the 
thermal advection versus the probability of hail. The 
area A referred to in the diagrams and trend lines is the 


product of the thermal wind and the normal wind as defined 
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40 
by Figure 2, and is equal to twice the area of the triangle 
formed by the 850-mb, 300-mb, and thermal winds. This area 
is proportional to the strength of the thermal advection. 
It was found that hail was more likely in cold advection 
Situations than in warm ones. This is as would be expected 
because cold advection situations usually accompany cold- 
frontal activity which increases convective activity by 
providing frontal lift. There was little effect noted of 
the magnitude of the cold advection on the probability of 
hail, with the prohability major or minor hail-day actu- 
ally decreasing with increasingly strong cold advection 
(Figure 8). The reason that there is not an increase in 
hail-probability with increasing cold air advection, as 
one might initially expect, may be that in strong advec- 
tion seaside the cold front had passed the station 
(Calgary) some time before the radiosonde ascent and had 
ceased to provide any frontal lift to assist convection. 

Hail-day probability was found to increase slightly 
with increasing warm air advection (Figure 9). It was felt 
that this probably reflects the effect of lift provided by 
warm fronts or in advance of trowals. An examination of 
weather maps for the years covered in this study reveals a 
number of cases of widespread hail in advance of warm fronts 
or trowals, both of which are associated with warm air ad- 
vection. No definitive conclusion on the effect of the 


magnitude of warm air advection on the probability of hail 
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41 
can be drawn, however, because of the small linear correla- 
tion coefficients (Table IV) associated with the trend 
lines. 

(ii) Temperatures 

As was mentioned in Chapter II, there are a number 
of ways in which surface and upper-air temperatures should 
affect the probability of hail. The effect of the temper- 
atures at a number of levels in the atmosphere at Calgary 
on the probability of hail in the project area was inves- 
tigated. The resulting trend lines are listed in Table VI. 

(a) Maximum Daily Surface Temperature 

Figure 10 shows the relationship found between the 
probability of hail and the maximum surface temperature 
at Calgary. It was found that the higher the maximum 
temperature at Calgary the more likely was that day to be 
a hail-day. This relationship was not well marked in 
the case of Py which was not well fitted to a linear rela- 
tionship (r = 0.22) and had a shallow slope! to its trend 
line. The trend line for the case of P. had a Says about 
twice that for Pi and quite a high linear correlation coef- 
ficient (r = 0.82). This difference in slopes is quite 
reasonable, because more vigorous convection is necessary 
for a major hail-day than for a minor hail-day, and, in 
general, increased surface temperature results in increased 
instability. There seems to be a cutoff temperature below 


which the atmosphere (as reflected by the maximum surface 
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TABLE V 


TREND LINES FOR THE RELATIONSHIPS BETWEEN UPPER-AIR 
TEMPERATURES AND THE PROBABILITIES P, OF ANY 


a) 
HAIL-DAY AND Py OF A MAJOR HAIL—-DAY 
Temperature Trend Line Correlation 

Parameter Coefficient 
Meee Pi = 0.23 + 0.00297... Oe 3 

P, = -0.02 + 0.0068T G22 

max 

Te Pi = 0.46 - 0.00887, = 0.52 

P. = 0.14 + 0.00051T, 0.04 
To Py = 0.33 - 0.011T_ - 0.50 

P, ae) et aaer 0.0053T_ 0.43 
T. Py = -0.12 - 0.030T, - 0.79 

P, = 0.03 - 0.0073T, =~ 30.32 
T. Pi = -0.21 - 0.0137, = "O37 

P. = -0.0035T, ey 2a 

Te fore en ee Be eS Oe Se ES Se 

Vertical Py = -0,.19 + 0.016dT 0265 
Toca loa 

P, sim 625° +407, 0L20T 0262 

) Sieg ee ee ee ee 
Showalter PS =0.340- 020492 - 0.78 
if: 

Index I 

Paes Oe SR OS - 0.73 
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temperature) is too cold for sufficient convection to 
develop to produce a major hail-day. Out of 51 days with 
Maximum temperatures below 14°C only one was a major hail- 


| 


day. Slight decreases in both Py and P, were noted for 
maximum temperatures above 28°C. Although this effect 
could not really be confirmed because of the small number of 
days having these maximum temperatures, this is a trend that 
could be anticipated. High maximum temperatures are indica- 
tive of a lack of cloud cover and of the presence of a warm 
airmass neither of which is associated with widespread hail 
activity. This effect was also noted by Longley and Thomp- 
son’) (1965). 

(b) 850-mb Temperature 

In Figure 11 the relationship between the 850-mb 

temperature at Sete and the probability of hail is 


shown. The probability P, of a major or minor hail-day was 


1 
found to decrease slightly with increasing 850-mb tempera- 
ture, although the scatter of the points about the trend 
line makes a definite conclusion impossible. The prob- 


ability P, of a major hail-day was found to be insignifi- 


2 
cantly affected by the value of the 850-mb temperature, 
although there was a sharp cutoff below 8°C and above 22°C. 
Out of 27 days with an 850-mb temperature below 8°C there 
were no major hail-days, and of 54 with temperatures greater 


than 22°C only five were major hail-days. The cutoff for 


low temperatures is probably caused by the low amount of 
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43 
liquid water that a cold atmosphere can hold. Also, cold 
low-level temperatures are normally reflective of a more 
stable situation than warmer ones. Melting of hailstones 
falling through an atmosphere, warm in its lower levels, 
may be the cause of the high temperature cutoff. It may 
also be caused by the same effects mentioned in the dis- 
cussion of the lower hail probabilities associated with 
high maximum surface temperatures. 

(c) 700-mb Temperature 
The relationships found between the 700-mb temper- 
ature and Py and P. are shown in Figure 12, Py decreased, 
while Po increased, with increasing 700-mb temperature 
until P, was approximately equal to P 


i 2 


ariure of 11°Cc.. The correlation coefficients ftorsbotn Pp 


at a 700-mb temper- 
4 
and P. (Table V) were both quite low and thus make the 
significance of the results questionable. However, the 


high values of P, associated with low 700-mb temperatures 


1. 
may reflect He effect of cooling at this level in increas- 
ing the lapse rate and thus promoting instability. P. was 
not high for low temperatures perhaps because of the low 
liquid water contents associated with low temperatures, a 
condition unfavorable to the formation of large widespread 
hail. (Longley and Thompson, 1965). These results are 
essentially in agreement with some of Thompson's (1970) 


findings. He found that for "swath hail" period in July 


the mean 700-mb temperature was 3°C, for scattered swath 
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Nagi; 2°C, for scatter hail 0°C, and for no-hail days 5°C; 
(d) 500-mb Temperature 
Figure 13 shows the relationships found between 
the 500-mb temperature at Calgary and the probability of 
hail in the project area. Both Py and P, were found to 
decrease with increasing 500-mb temperature. This was as 
expected because it had already been mentioned by Longley 
and Thompson (1965) that cold 500-mb temperatures were 
Favorable to the production of hail. If floWer—-level 
temperatures remain unchanged, cooling at higher levels 
increases the lapse rate and the degree of instability. 
(e)  300-mb Temperature 
The relationship found between the 300-mb temper- 
ature and the probability of hail is shown in Figure 14. 
This is a trend similar to, although less pronounced 
than, that which was noted for 500-mb temperatures, and 
occurs for the same reasons mentioned in the discussion 
of that level. The slope of the trend line in this case 
is much less than that for 500-mb because of the smaller 
temporal variations in the 300-mb temperature. This re- 
lationship between cold high-level temperatures and 
active convection was mentioned by George (1960) and is 
outlined in Chapter I of this thesis. 
(£) Temperature Difference between 850 and 500 mb 
A graph of the relationship between the difference 


in temperature between 850 and 500 mb, the Vertical Totals 
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referred to in Chapter I, and the probability of hail is 
presencred in Pigure I5. “It was found that the larger the 
difference in temperature, the larger were the values of 

Py and Po. This is in agreement with theory, because the 
magnitude of the temperature difference between 850 and 

500 mb is a reflection of the degree of instability present 
in the atmosphere. The critical value of 26°C for hail- 
producing clouds, mentioned by Miller (1967), does not look 
unreasonable on a Subjective basis. For values of the Verti- 


Cale G@tdis Greater “han 26° C, P. is almost always 0.25 or 


1 


grearer, wand Por O. GS Om Greater, 
(g) Showalter Index 

The good relationship found between the value of 
the Showalter Index and the probability of hail is shown 
in Figure 16. Large negative values of the index were 
associated with high hail probabilities. Because the 
Showalter Index is the difference in temperature between 
the environment at 500 mb and an air parcel lifted from 
850 to 500 mb, large negative values are associated with 
intense convection and instability. When the Showalter 
Index was below -3°C, hail occurred one day in every two, 
and major hail, one day in four. Only one major hail-day 
and only two hail-days occurred with an index greater than 
+5°C. On only one day when the index was below -4°C did 
few crapietortalLl. 


(iii) Combinations of Upper-Air Parameters 


CieecnAtnio ragutes Lr, 16. and 19, in this section 
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FIGURE 15 - THE RELATIONSHIP BETWEEN VT AND THE 
PROBABILITY OF HAIL 
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were drawn using the following codes: 
Solid lines - isopleths of Pi = 0.20 and 0.50 
Dashed lines - isopleths of P, = 0.20 and 0.50 


| 2 
In drawing the isopleths, the reliability of the probab- 
ility values was subjectively weighted depending on the 
number of days included in the. samples. This number of 
days is indicated in each square of the graphs. 
(a) Surface Temperature and Relative Humidity 

In Figure 17, the effect of surface moisture, as 
reflected by the surface temperature and relative humid- 
Sty,.0n the probability ofmnatleis M4ustratedt™ As was 
expected, the highest probability of hail was found to be 
associated with high surface moisture contents. P, was 
0.20 or greater for relative humidities greater than 50 
per cent and temperatures greater than 20°C. This range 
of temperatures and relative humidities represents about 
one-sixth of all days considered. The presence of low- 
level moisture has long been recognized as a contributing 
Tea buconze ative. devel opment«(Si-y-4-1-06-bameliaeaeanceiage 
and others). 

(b) 850-mb Temperature and Relative Humidity 

Figure 18 illustrates the effect of the atmospheric 
moisture content at 850 mb on the probability of hail. 
Maximum hail probability was found to occur when tempera-— 
tures and relative humidities were high, a similar result 


to that obtained when the surface temperature and relative 


humidity were considered. Py was greater than 0.20 for 
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FIGURE 17 - RELATIONSHIP BETWEEN SURFACE MOISTURE AND 
THE PROBABILITY OF HATL 


850-mb TEMPERATURE (°c) 
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47 
850-mb temperatures above 5°C and relative humidities in 
excess Of 20 per cent, and greater than 0.50 for tempera- 
tures above 15°C and relative humidities in excess of 
60 per cent. This is as expected for the same reasons 
outlined in the previous paragraph. In Figure 11, which 
was discussed earlier, Py was shown to decrease with in- 
creasing temperature. However, the points between 18 and 
20¢C yan this figure show that the probability .is higher 
than the values given by the trend line. These points are 
probably associated with days having high 850-mb moisture 
contents as is indicated by the area in Figure 18 between 


5 eand 29°C and 60; and 3:00 per cent. 


(c) Thermal Wind between 850 and 300 mb and the 
Vertical Totals 


Figure 19 illustrates the effect that was found 
on the probability of hail of the magnitude of the thermal 
wind between 850 and 300 mb and the Vertical Totals. It 
was found that the probability of any hail day was greater 
than 0.20 when the Vertical Totals was greater than 28°C 
and the thermal wind less than 44 m/sec. The probability 
of a major hail day was greater than 0.20 for Vertical 
Totals in excess of 32°C and thermal winds of between 16 
and 36 m/sec. The area of the graph between 22 and 326°C 
and 20 and 38 m/sec. has very high values of P, and Po. 
mnethis area, Py ranged from, 0.00 6070.00, and Por from 
0.20 to 0.50. The overall distribution of the hail prob- 


abilities seemed to indicate a greater dependence on the 
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THERMAL WIND FROM 850 TO 300 mb (m/sec) 
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VERTICAL TOTALS (°C) 


FIGURE 19 ~ THE RELATIONSHIP BETWEEN THE THERMAL WIND FROM 
850 TO 300 mb, THE VERTICAL TOTALS, AND THE 
PROBABILITY OF HAIL 
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Vertical Totals than on the wind shear, although a shear 
value of 44 m/sec. Seemed to delineate the top boundary 
of hail occurrence on the graph. 

The Calgary upper-air parameters that were exam- 
ined in this chapter for their relationships to the occur- 
rence of hail in the Alberta Hail Studies project area 
varied considerably in the significance of their effects. 
Quite good relationships were found between hail-day 
probabilities and the following: 

i) The direction of 850 to 300-mb Thermal Wind 

ii) The maximum surface temperature (for major 
hail-days) 
iii) The 500-mb temperature 
iv) ¢thneaVertical,Totals 
v) The Showalter Index 
vi) The surface moisture content 
vii) The 850-mb moisture content 
Viti tnbeaver tical Totals and the 850uto 300-mb 
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CHAPTER VI 
CONCLUSIONS 


It. was felt that the hail data used in this 
study were of sufficient density and accuracy to classify 
days aS major, minor, or no-hail. Radiosonde data were 
available from Edmonton and Calgary. Initially, a rela- 
tionship was sought between the various upper air para- 
meters at Edmonton and hail occurrence in the northern 
part of the hail studies area, and parameters at Calgary 
and hail in the southern part of the area. For the 
reasons mentioned in Chapter IV, it was felt that there 
was little to be gained by considering hail probability 
in the two separate areas. Thus, the main analysis 
attempted to relate hail probability in the entire 
project area to values of the upper-air parameters at 
Calgary. 

A hail index was proposed that takes into account 
the size distribution of hail on a particular day. This 
type of index seems preferable to one that considers only 
the number of hail reports because of the importance of 
hail size in determining the severity of a hail day. 

It was found that when there was a northerly 
850-mb wind at Calgary, hail occurred in the southern area 


(Figure 3) two days out of every five, while, when there 
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was a southerly wind, hail occurred one day in five. . The 
direction of the 850-mb wind at Edmonton had a negligible 
effect on the probability of hail in the northern area. 
When the 850 to 300-mb thermal wind at Calgary was from 
the south, hail occurred in the southern area two days out 
of every five, while with northerly thermal wind hail occur- 
red» one day out of every ten. A’ southerly thermal wind at 
Edmonton was associated with hail one day in three, and a 
northerly one, one day in twenty. 

A number of good relationships were found between 
Calgary upper-air data and hailfall in the entire project 
area, Particularly marked relationships were found be- 
tween the two stability indices considered and the prob- 
ability of a hail-day. The probability of a major or minor 
hail-day was generally 0.20 or less when the Showalter Index 
exceeded 3°C, and, 0.50 or more, when the index was less 
than -3°C. Major hail-days occurred on at least one: day 
in four when the index was below -3°C. These results are 
in general agreement with Showalter's (1953) aie index 
values listed in Table I. There was also a pronounced 
relationship between hail-day probability and the vertical 
totals: index POtFor vertical totals in excess of 26°C the 
probability of a hail-day was always 0.25 or greater. Thus, — 
Miller's (1967) critical vertical totals value of 26°C for 
thunderstorm activity does not seem unreasonable for use 


in’ Alberta. 
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The magnitude of the 850 to 300-mb thermal wind 
he@plittlewfiect, ong~the,probabisity,of haihpja wesult 
Simi Baveto pProppe)s9(1965)), findings, e)There did, however, 
appear to be a slight increase in hail-day probability 
with increasing thermal wind speed between values of 20 and 
40 m/sec, and a dropoff in hail-day probability for speeds 
in excess of 40 m/sec. This result tends to confirm 
Dessen's (1960) results that were listed in Chapter III of 
this thesis. Thompson (1970) found that hail patterns in 
the presence of strong upper-level winds did tend to be or- 
ganized in the form of swaths. He did, however, conclude 
that the presence of strong upper-level winds was not a 
necessary condition for swath hail. 

The probability of hail was found to be quite well 
correlated with the direction of the 850 to 300-mb thermal 
wind, ranging from 0.28 for a northerly direction to 0.43 
for ja sOuthenly, one.) | yHowever, cthe segues of; theymet 
thermal advection in the 850 to 300-mb layer was found to 
have little discernible effect on the pGHab iets hail. 
The only conclusion that could be drawn was that, in general, 
hail was much more likely in cold air advection situations 
than in warm ones. 

Cold 500-mb temperatures were found to be correlated 
with high hail-day probabilities. The probability of any 
hail-day ec from 0.61 for a temperature of -25°C to 


0.09 for a temperature of -7°C, while for a major hail-day 
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bhenprobability vanged from.-0.2) to «0.09 over. the same 
temperature range. Although Thompson's (1970) results are 
not directly comparable to those in this thesis because of 
the different type of hail-day classification that he used, 
it was felt that his swath hail-days would almost all be 
major hail-days as defined in this thesis. He found that 
the mean 500-mb temperature on swath hail-days was -14°C, 

a result comparable to that illustrated in Figure 13 of 
this thesis, 

Finally, in agreement with most previous investi- 
gators in this field, the presence of high moisture contents 
in the lower atmospheric levels (surface and 850-mb levels 
in this study) were found to be associated with high prob- 
abilities of hail. 

Some of the parameters investigated in this study 
were found to be well enough related to the probability of 
hail to warrant testing on an operational basis. Using 
the large variety of computer-produced prognostic charts 
now available it should be possible to make forecasts of 
most of the parameters considered in this thesis. By assoc- 
iating the appropriate hail probability values with the 
parameters it should be possible to delineate areas most 
likely to experience hailstorm activity. 

There is room for considerably more research along 
the lines begun in this study. With the recently initiated 


summer radiosondes at Penhold (begun in 1967) and at Rocky 
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53 
Mountain House, Alberta (begun in 1969) it should be pos- 
Sable, once a sufficient period of record has been obtained, 
to undertake a more detailed study than has been possible 
in this thesis. With two radiosondes in the main hail- 
storm area (the Calgary radiosonde having apparently been 
discontinued), it should be possible to obtain relationships 
between upper-air data from them and hail probability in 
the areas adjoining the two sites. 

Of course, as more hail and upper-air data become 
available in future years, it will be possible,to be more 
C6rtain of tie-accuracy-of-any predictors of Nail. 4 An in- 
crease in the density of the networks of hail observers 
and radiosondes is desirable, but will probably not be 


possible until economically more practicable. 


~*~, 
. 


as 


jioo 
ry 4g ry 
it is 
st 

) 

7 ry 
J 


een mero 
it 1h, 2abeeele 

enitved \Shoeonner yoapiies 
dfeeog: eet bluoda oe 


[ied bans mone, fier: e406 tis 


tad vie’ Boy YOSTDOS 


D id 


noun oe 


ne 8 ws 


caf 
’ aah be? 


¥, at 


aoite ow ans cotatotk 


bert otist BL sakcnapie 
an 
turd \ stax N 28b) at: 


ed 


Sia eile 


he 


| BIBLIOGRAPHY 


| 


Beckwith, W. B., 1960: Analysis of hailstorms in the 
Denver Network, 1949-58. Physics of Precipitation, 
Baltimore, Waverly Press, 348-353. 


Des ,e) +) pools. fry uence’ oF wind shear on the growth of 
itt e SAMOS. oCl., 19, 407-414, 


Delma PA. , SoCNOGK, Co A, .* 1970-) Characteristics OL 
hailstorms of Western South Dakota. J. Appl. 
Meee. Le fm 1 35, 


Dessens, H., 1960: Severe hailstorms are associated with 
very strong winds between 6,000 and 12,000 meters. 
Physics of Precipitation, Baltimore, Waverly Press, 
333-336. 


, 1961: Comments on "Do high-speed winds aloft 
Pi huence. tne Occurrence Of flald 7)... «hill. Amer. 
Meee eC eA LS 


BOMetOSsOn ke, Comela, Av C., and Shackford, Ce R.; 
1960: Some behaviour patterns of New England hail- 
Socio PuVedkCo Of «.Preci pia aiOn., Baltimore . 
Waverly Press, 354-368. 


Peed eo ee 956s Hall storms, of) the Uniteds States ini ilaa, 
, University of Oklahoma, 202 pp. 


Frisby, E. M., 1962: Relationships of ground hail damage 
patterns to features of the synoptic map in the 
Upper Great Plains of the United States. J. Appl. 
Meveor., L£, 348-352. 


, 1965: Hailstorms of the North American Continent. 
Unpublished report prepared for Arlington, Virginia, 
Army Research Office, Environmental Sciences Division, 
R6porc No. 2365, 19 pp. 


, and Sansom, HH. W., 1966: Hail incidence in the 
Tropics. Unpublished report for Fort Monmouth, N.J., 
United States Army Electronics Command, Atmospheric 
Sciences Laboratory, 47 pp. 


4 


ii froge licen 
Mo " 9 Ce VI 
: — 7 _— 7 ‘~~ a? kh 
« - Pad © 7, 
- H 
, 2 e: - I 
‘ 
‘ ~ : 
7% ste fr7as rmiwsd) 
ty 1% r + 
TS H22s 3 : 2 103 @ Distt vA peliak | 
‘ : | +84 Ar 4 | hi 4 3G. abaiw. 
> ' as 
- : P . (ort a EX spots ay, 
J o~ ae 28 (~*~ = ot Sle 7 awa 
‘ h pees! 


ca Li Welt ae I 


a5 mi * i, 
wi beoge-dp hal) ot” nO ‘alain : oes 


vom obtua” .'¢lied to 2 AD orhy someon. 


_ is Lote vse . 968.1094 


= 
So 
tot 
Bad 


Se » : 4 o" - 
: Ee PN Kren * se Wy abs + 
wen &@ ~otOar isa DOG .~a me ‘ia oe oy 
[ied-basipad wet to anuss4ag Aye LV ded wi 
: 2 erat T ce 7 oe, fat a ‘J J rs ~~4 =o ebia ig 
} CJL . rr. : meme oe 


ob = bee = 


an sie, mca 


spamsb [ish Sneote to, aqitts cntoane 
arts sm oftqoaye sit 20 eame 

“t » gadsd2\bsdiau, sis te peta 

—— “7 - » czeseRe g 


a 4 


’ ~. 
Jaontinod. dent temsA As TOM ods $0" emtote aim 6 


Ps 


bing! - Re 
VektEpeLv, ,notpari ta eect baked: 224), stooges, Oeuiet4 
iolervid goons iad fstaammonivnd «73 5 


Be 
Ay 
+ ri, -- ; -9a ee: eS 


- 


ont met a5 5 Hiont ther ee.) 
C.4 .aobomiow 3107 rots diogsz.. 
otisi@aomsa. ,basmmeD aa 


a 


George, J. J., 1960: Weather Forecasting for Aeronautics. 
New York and London, Academic Press, 407-415 and 
461-462. 


Hitschfeld, iW. Teyppand Douglas, IR63H. , A1963.e0 tActheony»of 
hail growth based on studies of Alberta storms. 
Zzeitschr., der Angew. Math. Physik., 14, 554-562. 


Lawford, R. G., and Currie, D. B., 1968: Synoptic survey 
of hailfall 1968 for Alberta. Canada, Department 
of Transport, Meteorological Branch, Technical 
Gincalan No} %6997.35 pp. 


Longley, R. W.,; and Thompson, C. E., 1961: A synoptic 
survey of the occurrence of hail in Central Alberta 
during the summer of 1959. Canada, Department of 
Transport, Meteorological Branch, Technical Cir- 
ClukareNoa 36 Anal 3ivepp. 


, tand rtl9o5.sirA studyroethe causes of Haul. 
JinjApp lt. Meteor, 14169282. 


Miller, R. C., 1967: Notes on analysis and severe-storm 
forecasting procedures of the Military Weather 
Warning Center. Kansas City, United States Air 
Force, Air Weather Service (MAC), Technical Report 
No. 200, 8-1 to 8-3. 


Newton, C. W., 1960: Morphology of thunderstorms and hail- 
storms as affected by vertical wind shear. Physics 
of Precipitation, Baltimore, Waverly Press, 339-346. 


, 1967: Severe convective storms. Advances in Geo- 
physics, New York, Academic, Press, 12, 257-308. 


, 1968: Convective cloud dynamics . .. A synopsis. 
’ Proceedings of the International Conference on Cloud 
' Physics, Toronto, Amer, Meteor. Soc., 487-498. 


Pappas, J. J., 1962: A simple yes-no hail forecasting 
. technique. J.: Appl.: Meteor. 1, 353-354. 


Paul, A., 1967:. Spatial and temporal analysis of hailfall 
occurrence in Central Alberta. Unpublished M. Sc.. 
thesis, Edmonton, University of Alberta, 124 pp. 


Powell, G. L., 1961: The relationship of physiography to 
hail in Alberta. Unpublished M. Sc. thesis, 
Edmonton, University of Alberta, 54 pp. 


v eo 0 
‘a 
y 
ep 
} Sit 54, sot pistes exOF xs: 
we atb-TOR ese (ERS ite Khao . 
Vid 3 Folt , 
eam sase ; L&I 
p 7 : op ‘ Be 
avis »4 2] Oa stat 
bepsitts Meyer et -te ; . 
[ ea? «i ez id. ” aio ae : 
it , PoP ts | df kee ou hs 
" , f 2 ” 1 al 
tLjqonvs A -faer .,8 .Di iy na areal 
4th poteaso ni tind 20. SS qaKae meee 
“wizegod \sbenck®  . S60 Sane oe 
_ i - « { ‘SS t 4b =e BAR Tal [52.100 faxopie ais equine 
- f, ar et “3 ie 
. . 2 busta fi 2aet Fs 
: ,<8-—e ye (4a =~ sos 
icda-axanal’ Bil: choytags tein a i" nee 
reiseoW ywisce lin sAago.de oot avon 26 
o sipda@ bogknv:. vei €6 BiG) i Prien 
hxoOd Psat mbset ra (5AM) So Lvise ‘sn . 
: . pee at if 008 +9 
‘ ; ie . 
Cirsed fi j?igjawoD (7 33 ypohor Hep cor vy 
27 { 2? of ‘ f bat q be ipe , ; 
E-tbe ,es5uT. ylts eionie fe 
a= mora VbA povose isevt Do vMt 2 a 3 2% 
a0e-ec.. ST .ee0n9 = htheieniet ATOM, de i. 
_: 4 le 


rfnA.3 ~ ; = 
' | Bit: it 
e ¢ 
o2 ,M bed 
al er 
OQ a oe 


oe yrigis See senate io, gittenod dats 
' i ne Seder Lae 


iy 4 
vA So Mi pa a nt Se " 
‘Sk . 505 . oacemM or a ‘ cr) 


A 
to sieyiens es Loqgmes, ‘pens 


ete et 25 LaRYD hucils elt = 
M9 Ie eb Rots gins 2 Stk a : bad “= 


DTGT 4 
_ 


3 {i 
BCEMDEE- mes ‘ \ gossea em 


a ish Hay ss zedaa, Cau rteap 


eer A toe So laze vee J bs 


ne 


qq Be: abtiedis %9, Y. 


t ies ies: 
. Se) " a 5 i _ 
} : if s a ey els 7 Ma 
ig _ > 7 , z - 
. 2. 


56 


Proppe, H. W., 1965: The unfluence of wind shear on Alberta 
hail storm activity. Unpublished M. Sc. thesis, 
Montreal, McGill University, 81 pp. 


Quon, K., and Thompson, C. E., 1963: A synoptic survey of 
the 1963 hail season in Alberta. Canada, Depart- 
ment of Transport, Meteorological Branch, Tech- 
Peeietaceriar No, 493, lls.pp. 


Dagweti i yeeawoe, 2902: The application of an instability 
index to regional forecasting. Meteor. Mag., 
Tey oj) ol 20. 


Ratner, B., 1961: Do high-speed winds aloft influence 
the occurrence of hail. Bull. Amer. Meteor. Soc., 
42, 443-446, 


sciuclscener, KR. A., and Grant, L. 0O., 1961: (Characteris-— 
tics of hailstorms in the Colorado State University 
Network, ~ Fort Collins, Colorado, Colorado State 
UntvVersiuty,. Technical Paper No.*20; 6 °pp. 


, 1962: On the relationship of the latitude and 
strength of the 500 millibar west wind along 110 
degrees west longitude and the occurrence of hail 
in the lee of the Rocky Mountains. Fort Collins, 
Colorado, Colorado State University, Technical 
Pope reno. 20, (200 pp. 


SHOWalGer, A. K., 1953: A stability index for thunder-— 
ScOomeworecasting. Bull. Amer. Meteor. Ssoc.; 
S45) 220-Ale. 


Sly, W. K., 1965: A convective index in relation to hail. 
Canada, Department of Transport, Meteorological 
Branch, technical Circular No.75/3, 22. pp. 


1966: A convective index as an indicator of 
cumulonimbus development. J. Appl. Meteor. 
5, 839-846. 


, 


, 1967: Convective index charts for Western Canada 
and the associated convective development. Canada, 
Department of Transport, Meteorological Branch, 
Technical Circular No. 653: S pp. 
Blout,) GCG. E., Blackmer, R. H., and Wil, K. E., 1960: Hail 
studies in Illinois relating to cloud physics. 
Physics of Precipitation, Baltimore, Waverly Press, 


369-381. 


ae - ; 
rrodit vo’ ete bekw Bopenntae 2 20 
ergend .o2 el tage yor. cE i39 
ag TS caewsrl i we 
to youve oit¢onue A sB00L * ar ie " r Bi zy : | 
—3 tego ,Sbaa6o sa vs0ts ae wer: a saat att ae ci 


ptoqede ie 
-j79T ,doneta laa tpobetes Meints se ef Fis’ 
ad ti ey x oO ae 


vpif bdateant ne to not segniaa 
PEM , sO9T8e . pitisZaoem 


soreuttini S2ofs ebaiw bssqe= 
, «008 ~t09gom . on hts i104 


‘mpiyetos7edd> <fd8@L ,.O uk 4 , 4 
yiterevinl sie7e obsaoied eft mt amzodelied to esi?’ . 
eisy2 obstolod. .chbertofed ,2nthlog aae%  .s2g"eet, | ad ae 
44q8 ,08 .ov raged iapdeeiee? , By} sore Env i. | 


brs obutitsl aft xo qidesotesisn odd MP —SGCE yee 
OfL paols buiiw geqw iadiilim 603 odd to dopnezse 

{isi Yo sonSxauseo &f9 Das ebyttpacl~ oo 7 

-aniflo> 340% cenissavell yxoot age to aol pdt oh ae 

fesindost ,ydtersvinl 296236 obstolod ,obs1z0l0D ‘ rhe 

| qq 0S*,38 i bkty 


-tehavild xe xebni yotiiawsas 4 182@L 4.2% 
(908). t0979M ,ramA ;fius a 


Se 


a] 

Died of si iedas' ai xobni ovisosvinep ‘ “eae ok a rf 
f[sofpolovosseM \tacgganrT to 2 
sq SS (Eve onl 16fu9nid 


to tossorDni ap i eek av 


toate i iggh .t Ss aad 


shags) nxisteaW xot tsa 
4 sbsnB> . drremqgotss ySb oy i 
, cones fsoepoloidsts tne: 

4q°8 5 ab ic 


[fan geek at ye Fees Lee 
} Oe eae _ petse lett 
, 22979 yixsvew , 3720 ned EB iy & . 


i 


Thompson, W. C., 1970: The influence of upper-level 
winds and temperatures on the organization of hail 
patterns in Central Alberta. Unpublished M. Sc. 
thesis, Edmonton, University of Alberta, 89 pp. 


ve | 4 | may ick He 


- ie 7 

Vol rai to sousdl aba ri a 

O- 10d Linsexe sid no Fate f 

08 .M Be re (dog) , second A tay 
oy @8 \k ed fA 26 2 r navi «ott : 


» : \ 
a a a ae 


¥ Ay : 


B29954 


